Sertoli cells are essential for testicular germ cell maintenance and survival. We made the unexpected observation that x-radiation (x-ray)-induced germ cell loss is attenuated by coexposure with the Sertoli cell toxicant 2,5-hexanedione (HD). The mechanisms underlying this attenuation of germ cell apoptosis with reduced Sertoli cell support are unknown. The current study was performed to examine alterations in testicular gene expression with co-exposure to HD and x-ray. Adult male rats were exposed to HD (0.33 or 1%) in the drinking water for 18 days followed by x-ray (2 or 5 Gy), resulting in nine treatment groups. Testis samples were collected after 3 h and total messenger RNA was analyzed using Affymetrix Rat Genome 230 2.0 arrays. Normalized log2-expression values were analyzed using LIMMA and summarized using linear contrasts designed to summarize the aggregated effect, in excess of x-ray alteration, of HD across all treatment groups. These contrasts were compared with the overall linear trend expression for x-ray, to determine whether HD effects were agonistic or antagonistic with respect to x-ray damage. Overrepresentation analysis to identify biological pathways where HD modification of gene expression was the greatest was performed. HD exerted a significant influence on genes involved in cell cycle and cell death/apoptosis. The results of this study provide insight into the mechanisms underlying attenuated germ cell toxicity following HD and x-ray co-exposure through the analysis of co-exposure effects on gene expression, and suggest that HD pre-exposure reduces Sertoli cell supported germ cell proliferation thereby reducing germ cell vulnerability to x-rays.
Environmental exposure to hazardous chemicals most often occurs as mixed exposures to more than one toxicant (Boekelheide, 2007) . There is an emerging need for improved methods for risk assessment and a better understanding of toxicological consequences of mixed exposures. In addition to more traditional toxicological endpoints, microarray analysis is increasingly used as a tool for examining toxicological effects and mechanisms behind mixed exposures (Bartosiewicz et al., 2001; Hook et al., 2008; Rockett and Dix, 1999) . These technologies are valuable because complex mixtures may interact in any number of ways, resulting in antagonistic, additive, or synergistic effects (Carpenter et al., 2002; Groten et al., 2001) , complicating risk assessment of mixed exposures. When assessing mixture effects in the testis, there is the added complexity of the paracrine-interacting cell types that are necessary for successful spermatogenesis. Testicular toxicants may selectively target a single cell type, such as Sertoli cells or germ cells, with damage to either target resulting in germ cell apoptosis and spermatogenic failure.
Recent research in our laboratory has begun to investigate the consequences of mixed exposures in the testis. 2,5-hexanedione (HD) and x-radiation (x-ray) were used to establish an adult rat model of testicular co-exposure toxicity, which involves a 17-day priming exposure to HD in combination with half-body x-ray exposure on day 17 followed by necropsy 12 h later on day 18. X-radiation disrupts spermatogenesis by directly targeting germ cells. Exposure to x-ray causes free radical-induced DNA breaks in actively dividing spermatogonia, resulting in their apoptosis (Hasegawa et al., 1997) . HD is a metabolite of the commonly used solvents n-hexane and methyl n-butyl ketone (2-hexanone) that causes Sertoli cell dysfunction by interfering with Sertoli cell microtubule assembly kinetics (Boekelheide et al., 2003) . HD-induced testicular toxicity is unique in that there is a latency period between initiation of exposure and development of histopathologic alterations, with significantly altered testicular morphology apparent only after 2.5-3 weeks of exposure (reviewed by Boekelheide et al., 2003) . The chemistry of HD partially explains the delayed toxicity, which is the result of a progression of subcellular events. HD interacts with tissue nucleophiles, including protein lysyl e-amines, resulting in pyrrole formation and accumulation, followed by oxidation and cross-linking (reviewed by Boekelheide et al., 2003) . At the end of an 18-day exposure period, as used in our co-exposure paradigm, HD-treated testes exhibit an increase in retained spermatid heads but no increase in germ cell apoptosis at the dose levels used (0.33 and 1%) (Moffit et al., 2007) . More severe effects, such as vacuolization, decreased seminiferous tubule fluid formation, and germ cell apoptosis, are observed at later time points (4-5 weeks) after initiating exposure (Boekelheide et al., 2003) . Sertoli cells are essential for germ cell maintenance and survival, yet surprisingly, the level of germ cell apoptosis in the testes of rats co-exposed to HD and x-ray was significantly lower than that observed in rats exposed to x-ray alone. This HD-dependent attenuated germ cell death response was stage specific, with a significantly higher degree of apoptosis observed at stages II/III in x-ray alone compared with HD and x-ray combined exposure. These findings are reported in a companion paper by Yamasaki et al. (2010) The goal of the current study was to improve our understanding of this attenuated co-exposure toxicity and identify potential mechanisms by examining global gene expression changes. Because HD pretreatment significantly altered the extent of acute x-ray-induced germ cell apoptosis, this study focused on the degree to which HD attenuated or enhanced the x-ray-induced deviation from the control level for both downregulated and upregulated gene expression. The primary goal of this data analysis approach was to determine if there is a trend toward enhancement or attenuation of x-ray-induced gene alterations by the priming exposure to HD, and to identify those genes that were either enhanced or attenuated. We found that HD significantly affected x-rayinduced expression of genes involved in cell cycle/cell division process, cell cycle/G1/S phase transition, and cell death/apoptosis.
MATERIALS AND METHODS
Animals. Adult male Fischer 344 rats weighing 200-250 g were purchased from Charles River Laboratories (Wilmington, MA). Upon arrival, rats were acclimated for 1 week prior to use and maintained in a temperature-and humidity-controlled environment with a 12-h alternating dark-light cycle. All rats were housed in community cages with free access to water and Purina Rodent Chow 5001 (Farmer's Exchange, Framingham, MA). The Brown University Institutional Animal Care and Use Committee approved all experimental animal protocols in compliance with National Institute of Health guidelines.
Toxicant exposure. Using a previously established treatment protocol (Markelewicz et al., 2004) , HD was administered in drinking water ad libitum for 18 days at concentrations of 0.33 and 1%. On day 18, animals (n ¼ 4 for each treatment group) were exposed to half-body radiation at a single dose of 2 or 5 Gy by a dose rate of 0.31 Gy/min using a RT 250 Philips kVp x-ray machine (Philips, Hamburg, Germany). The dose rate was estimated using a Radcal radiation monitor, model 2026C (Monrovia, CA). At 3 h after treatment with x-ray, following continued HD exposure, rats were euthanized by CO 2 asphyxiation and half of the right testis was homogenized in Tri Reagent (Sigma-Aldrich, St Louis, MO), snap frozen in liquid nitrogen, and stored at À80°C. The remaining testis tissue was fixed in neutral-buffered formalin for histological examination.
RNA isolation and microarray hybridization. RNA was isolated from testes homogenized in Tri Reagent using the RNeasy Mini Kit (Qiagen, Valencia, CA) following manufacturer's protocol. Complementary DNA (cDNA) was synthesized from 2.5 lg total RNA and purified using the Affymetrix One-Cycle Target Labeling and Control Reagents kit (Affymetrix, Santa Clara, CA) according to manufacturer's protocol. Equal amounts of purified cDNA per sample were used as the template for subsequent in vitro transcription reactions for complementary RNA (cRNA) amplification and biotin labeling using the Affymetrix GeneChip IVT labeling kit (Affymetrix) included in the One-Cycle Target Labeling kit (Affymetrix). The cRNA was purified and fragmented according to the protocol provided with the GeneChip Sample Cleanup module (Affymetrix). All GeneChip arrays (Rat Genome 230 2.0 arrays) were hybridized, washed, stained, and scanned using the Complete GeneChip Instrument System according to the Affymetrix Technical Manual.
Microarray data analysis. Affymetrix CEL files were preprocessed using the R package GCRMA from Bioconductor to obtain genome-level expression values. The probe-level raw intensities were background corrected by GCRMA, quantile normalized and then summarized into log2-expression measures by Robust Multiarray Analysis. The resulting gene expression values for each of 31,099 genes were merged with netaffx build 29 of Rat Genome 230 2.0 annotation file. Associations with exposure were subsequently analyzed using standard linear model techniques; however, specific contrasts were used to aid interpretation in the context of the co-exposure design. A 3 3 3 factorial study design was used to facilitate the detection of nonlinear effects of exposure and interactions of co-exposure on messenger RNA (mRNA) expression. Because nine model degrees-of-freedom were inherent in the design, multiple patterns of exposure were possible, with some hard to characterize (notably those involving both nonlinearities and interaction). In order to account for non-monotonicity in gene responses and summarize the HD effects above and beyond x-ray, a saturated linear model was used. Univariate (gene-specific) linear models were fit using the R/Bioconductor package limma (Smyth, 2004) . To summarize linear model results, in particular to simplify the inputs for geneset pathway analysis, the effects of HD in excess of x-ray were aggregated as the sum of all HD effects over the nine exposure cells. This is equivalent to the sum of the HD effects in the six cells having nonzero HD exposure, and reduces to 33 the sum of the two HD main effects þ the four interaction terms (using the standard ANOVA treatment parameterization with the unexposed group as the reference level). The resulting summary statistic has the interpretation of an estimated aggregate HD effect in excess of x-ray, for example, upregulation (positive) or downregulation (negative) by HD. Additionally, the overall linear trend in x-ray was summarized by fitting the equivalent saturated model reparameterized using polynomials in exposure dose (i.e., linear and quadratic terms for each exposure together with their interactions), and extracting the linear x-ray term. To control for multiple comparisons, Q-values representing false discovery rates (FDR) were computed from the collection of all 31,099 p values using the qvalue package in R (Storey and Tibshirani, 2003) .
Pathways analysis. Functional classification of the differentially expressed genes was performed using the Ingenuity Pathways Analysis (IPA) knowledgebase (Ingenuity Systems, Redwood City, CA, IPA 6 content version 1602). The highest and middle-level functional categories of Ingenuity's ''Molecular and Cellular Functions'' were used to define the gene sets (Supplementary  table 1 ). Pathways analysis was performed using a one-tailed Fisher's exact test (i.e., testing only for overrepresentation and ignoring underrepresentation, the latter of which is not readily interpretable). Genes were considered to be significantly over-or underexpressed with HD exposure (in excess of x-ray), if the HD summary contrast described above had Q-value less than 0.05. Pathways were ranked by p value and those with the lowest p values were selected for qualitative comparison. 
RESULTS

Overview
Rats were euthanized 3 h after x-ray, a time point prior to detection of germ cell apoptosis (Yamasaki et al., 2010) , in order to identify early changes in gene expression that precede the histopathologic manifestations of injury. Previous characterization of these histopathologic manifestations of injury at later time points surprisingly revealed that the priming exposure to HD, a Sertoli cell toxicant, attenuated the x-ray-induced germ cell toxicity across all dose combinations (Yamasaki et al., 2010) . Because this HD pretreatment significantly modified the extent of acute x-ray-induced germ cell apoptosis, we focused on HD modification of x-ray-induced gene expression alterations in order to get a global view of the HD effects on gene expression. To determine how HD contributes to the gene expression profile during co-exposure, the HD effects were summarized across all treatment groups. From this model, we were able to estimate the degree to which HD modifies the xray-induced gene expression alterations. After extracting this contrast of interest, overrepresentation analysis to test for pathway-specific effects of HD on top of x-ray was performed using a one-tailed Fisher's exact test.
Estimates of HD effects on gene expression
The 3 3 3 factorial study design of combined exposure to three different dose levels of HD (0, 0.33, and 1%) with three different dose levels of x-ray (0, 2, and 5 Gy), resulted in a total of nine different treatment groups: 0 HD/0 x-ray (control), 0 HD/2 Gy x-ray, 0 HD/5 Gy x-ray, 0.33 HD/0 x-ray, 0.33 HD/ 2 Gy x-ray, 0.33 HD/5 Gy x-ray, 1 HD/0 x-ray, 1 HD/2 Gy xray, 1 HD/5 Gy x-ray. Upon initial analysis, many genes were found to exhibit nonlinear trends; for example, the expression level for a gene was elevated at the low dose and decreased at the high dose. Consequently, it was necessary to summarize the HD effect in a way that accommodates nonmonotonicity. As described in the ''Materials and Methods'' section, a summary effect of HD in excess of x-ray was constructed by adding together the four interaction terms and 33 the sum of the two HD main effects (using the standard ANOVA treatment parameterization). The resulting statistic estimates the extent to which HD modifies gene expression above and beyond the x-ray-induced gene expression for each gene during coexposure. This approach facilitates the identification of genes that exhibit HD modification of x-ray damage. Linear models were fit using LIMMA.
Significant modification of x-ray-induced gene expression alterations by HD pretreatment (FDR < 0.05) were observed for 55 genes (Table 1) . X-ray linear effects on gene expression (obtained using polynomial parameterization of a saturated model, as described in the ''Materials and Methods'' section) are included to provide an indication of the expression induced by x-ray during co-exposure so that we can understand if the HD effect on top of x-ray is an attenuation or enhancement of these changes. A full list of all genes whose mRNA expression was significantly altered by x-ray can be found in Supplementary table 1. The type of interaction listed in Table 1 indicates how HD and x-ray together influence the expression of the gene. An agonistic interaction indicates that HD and x-ray alter the gene expression in the same way (either both increase or both decrease), which may be either additive or synergistic. An antagonistic interaction indicates opposing HD and x-ray effects, with one toxicant increasing gene expression, whereas the other decreases expression. These two different types of interactions are illustrated in Figure 1 . Six of these genes were positively modified by HD. IER3 (immediate early response 3) and ANGPTL4 (angiopoietin-like 4) were the two genes most positively modified by HD. A negative modification of x-rayinduced gene alterations by HD was observed for the 49 other genes, with GHSR (growth hormone secretagogue receptor) and CLCA2 (chloride channel calcium activated 2) being strongly modified by HD in a negative way. Shown in Figure 2 are the gene expression profiles across all nine treatment groups for those four genes significantly modified by HD, as well as some representative genes significantly altered by x-ray during co-exposure (CCNG1, BBC3, and AEN). The example of ANGPTL4 expression in Figure 1 illustrates a negative linear x-ray effect on gene expression, showing a trend of decreasing gene expression as the x-ray dose increases from 0 to 5 Gy. However, a positive HD effect modifies ANGPTL4 gene expression, resulting in an attenuation of the x-rayinduced downregulation. Alternatively, CLCA2 demonstrates an enhancement of x-ray-induced downregulation with HD coexposure.
Pathways analysis
Overrepresentation analysis was performed to identify biological pathways where HD exhibits the greatest influence on gene expression. The molecular and cellular functions as defined from within the IPA knowledgebase were used to determine the gene sets used for further analysis. A total of 132 gene sets, generated by combining the highest and middle-level functional categories from Ingenuity, were used for pathways analysis (Supplementary table 2) . A list of the Ingenuityannotated pathways in which each of the 55 significantly HDmodified genes (Table 1) is known to participate is provided in Supplementary table 3. Setting the threshold for significance at FDR < 0.05 for the contrast extracted from linear model results, a one-tailed Fisher's exact test was performed to identify pathways that were greatly influenced by HD and related to HD effects on x-ray damage during co-exposure. The one-sided p values listed in Table 2 represent nominal p values that have not been adjusted for multiple testing. Note, however, that there is substantial overlap in gene sets, which would result in correlation among test results and render many common forms of adjustment as overly conservative. An overall test of altered expression among Ingenuity-defined molecular and cellular function genes (''All Ingenuity Molecular and Cellular SHORT TITLE: GENE EXPRESSION AFTER HD AND X-RAY CO-EXPOSURE 459 Function Pathways''), considered in isolation of the tests for overrepresentation in specific gene subsets, produces both nominal and adjusted p ¼ 0.0073, thus suggesting significant disruption, by HD in excess of x-ray, of important cellular and molecular systems (Supplementary figure 1) . Nominal p values for the remaining gene subsets are provided for the purpose of ranking biological pathways for exploratory discovery and hypothesis generation.
The 20 most overrepresented pathways are listed in Table 2 . These are predominantly involved in cell cycle, cellular growth and proliferation, DNA replication, recombination and repair, cell death, and lipid and carbohydrate metabolism. Heatmaps of the gene expression values of the top three pathways demonstrate the effect of HD co-exposure across the genes within the pathways (Supplementary figures 2-4) . The pathways most affected by HD are cell cycle/cell division process (Supplementary fig. 2 ), cell cycle/G1/S phase transition (Supplementary fig. 3 ), and cell death/apoptosis (Supplementary fig. 4 ). Within the cell cycle/cell division process pathway, the most strongly upregulated genes include IER3, EGR1 (early growth response 1), and STAT3 (signal transducer and activator of transcription 3), whereas PITX2 (paired-like homeodomain 2), XRCC4 (x-ray repair complementing defective repair in Chinese hamster cells 4), and MAP3K11 (mitogen-activated protein kinase kinase kinase 11) are among those strongly downregulated. Similar genes fall in the cell cycle/G1/S phase transition pathway, with prominently affected genes including NFKBIA (nuclear factor of kappa light polypeptide gene enhancer in B cells inhibitor, alpha), JUN (jun oncogene), CDKN1A (cyclin-dependent kinase inhibitor 1A), and several cyclins (CCNA1, CCND1, and CCNE1). ANGPTL4, EGR1, CTGF (connective tissue growth factor), BBC3 (Bcl2-binding component 3), and HSPB1 (heat shock 27 kDa protein 1) are among the many affected genes involved in cell death/apoptosis.
DISCUSSION
In the present study, microarray analysis was used to identify changes in gene expression underlying the pathological changes that occur when adult rats are co-exposed to HD and x-ray. In our previous study, it was found that an 18-day priming exposure to the Sertoli cell toxicant HD resulted in a surprising attenuation of x-ray-induced germ cell apoptosis. Sensitization with HD exposure appears to induce an adaptive response, which alters the sensitivity of germ cells to x-rays.
Using integrated bioinformatic techniques to analyze doseresponse and co-exposure effects on gene expression, we identified individual genes and biological pathways underlying this attenuated germ cell response.
When studying mixed exposures, it is common practice to compare the gene expression profile after co-exposure to the gene expression profiles after exposure to the individual components of the mixture. With our study design involving multiple dose levels of each toxicant, this type of comparison could not be easily performed because of the complexity introduced by the dose-dependent effects of co-exposure. The phenotypic response of attenuated apoptosis following coexposure was most unique; therefore, we focused primarily on the gene expression profile of the co-exposure group, dissecting the contribution of each toxicant to the co-exposure response.
HD pretreatment attenuated the downregulation by x-rays of IER3, ANGPTL4, CTGF, and ERRFI1 among other genes. IER3 is an immediate early response gene that has been shown to have an anti-apoptotic function in some cell types, promoting cell survival (Wu, 2003) . ANGPTL4 is an apoptosis survival factor for endothelial cells and also plays a role in lipid metabolism and insulin sensitivity (Kim et al., 2000; Xu et al., 2005) . When secreted, CTGF stimulates proliferation of various cell types and extracellular matrix component production. CTGF can also be expressed as an intracellular protein in a cell cycle-dependent manner, causing cell cycle arrest (Kubota et al., 2000) . CTGF can interact with integrins on the Sertoli cell surface and may regulate essential Sertoli cell-germ cell interactions (O'Donnell et al., 2009) . ERRFI1 (ERBB receptor feedback inhibitor 1) is an immediate early response gene induced during periods of cell stress and can function as a tumor suppressor (Zhang and Vande Woude, 2007) . HD pretreatment also exerted a significant negative effect on many genes. In this group of genes, nearly all negative modifications by HD were an enhancement of x-ray-induced downregulation. Several of these genes (e.g., NASP, HSPB1, and ALKBH2) are involved in DNA replication, recombination and repair as well as cell death/apoptosis (e.g., GPI, CNTF, MAP3K11, COMP, and HSPB1). These changes are not surprising because x-ray exposure results in DNA damage that ultimately results in germ cell apoptosis. HD pretreatment also enhances the x-ray-induced downregulation of several genes whose products are involved in cellular growth and proliferation/cell cycle (e.g., SSRP1, NASP, GPI, PITPNM1, MAP3K11, and LOXL1) and also carbohydrate and lipid metabolism (PITPNM1, GHSR, CYGB, GPI, FBP1, ITPKA, and CNTF). Changes in carbohydrate and lipid metabolism have implications for reduced Sertoli cell support of and communication with germ cells.
Some other genes that are strongly further downregulated by HD co-exposure are LOXL1, GHSR, and PRSS21 (protease, serine, 21). GHSR and LOXL1 exhibit some of the greatest negative HD effects and recent studies have begun to reveal a role for the products of these genes in the male reproductive system. LOXL1À/À male mice exhibit decreased fertility and decreased sperm production, although the mechanisms behind these effects are unknown (Wood et al., 2009) . Ghrelin is the endogenous ligand for GHSR. Locally expressed ghrelin in the testis inhibits hCG-and cAMP-stimulated testosterone secretion in vitro and also causes a reduction in steroidogenic gene expression (Lorenzi et al., 2009) . PRSS21, also called TEST1 or TESTISIN, is a serine protease expressed by premeiotic primary spermatocytes in the cytoplasm and on the plasma membrane and is suggested to be involved in germ cell maturation (Hooper et al., 1999) . Whereas the exact role of TEST1 is not known, it may participate in proteolytic events necessary for germ cell migration, or in the exchange of soluble factors or cell surface interactions between germ cells and Sertoli cells (Hooper et al., 1999) .
In addition to focusing on individual genes altered by HD on top of x-ray, pathways analysis was used to gain a better understanding of the molecular changes underlying the coexposure response. Biological pathways with the greatest modification of gene expression by HD exposure were identified, and within these pathways several genes of interest were revealed. A significant influence of HD on genes involved in cell cycle was discovered. Looking at the genes within these pathways below the threshold of p < 0.05, most are negatively affected by HD, suggesting that there may be cell cycle arrest. HD-mediated attenuation of genes that promote cell proliferation may cause a reduction in germ cell proliferation, rendering them more resistant to x-ray exposure. HD-exposed rats exhibited increased duration of the spermatogenic cycle that was attributed to reduced progression of 5-bromodeoxyuridine (BrdU)-labeled cells (Rosiepen et al., 1995) . Compromised Sertoli cell-mediated transport of germ cells may be the cause for decreased BrdU labeling during specific stages. However, impaired division of spermatogonia may also explain the reduction in BrdU-labeled germ cells. Among the other genes within these cell cycle-related gene sets, there is an HDmediated enhancement of CDKN1A (cyclin-dependent kinase inhibitor 1A, p21), a cell cycle inhibitor that is controlled by p53. p53-dependent cell cycle arrest in response to cell stress is mediated by CDKN1A/p21, and this growth arrest mediated by p21 can inhibit apoptosis (Yu and Zhang, 2005) . Alternatively, there is decreased expression of several cyclins (CCNA1, CCNB1, CCNE1, CCNG1, and CCND2) and other genes involved in the promotion of cell cycle progression following co-exposure. For example, NASP (nuclear autoantigenic sperm protein [histone binding]), which is decreased by HD, is regulated by the cell cycle and functions in the transport of histones to the nucleus of dividing cells (Richardson et al., 2000) .
The attenuation of germ cell apoptosis was the most remarkable histopathologic observation following co-exposure to HD and x-ray, therefore it was not surprising that the cell (Supplementary table 1) , there is a strong trend toward attenuation of x-ray-induced proapoptotic genes by HD coexposure. CCNG1 (cyclin G1), BBC3 (Bcl2-binding component 3), and AEN (apoptosis-enhancing nuclease) are all proapoptotic genes that were significantly increased by x-ray exposure with HD-mediated attenuation following co-exposure. HD co-exposure prevents the induction of CCNG1 caused by x-ray. CCNG1 is a transcriptional target of p53 that regulates p53 and its functions, including apoptosis (Kimura and Nojima, 2002) . Under certain cellular conditions, CCNG1 can also negatively regulate p53 and promote cell growth rather than cell cycle arrest (Chen, 2002) . As discussed earlier, a decrease in germ cell proliferation, which could be related to attenuated CCNG1 upregulation, may protect germ cells from x-ray. Attenuation of x-ray-induced BBC3 and AEN was also detected by gene array analysis. BBC3, also known as PUMA (p53-upregulated modulator of apoptosis), mediates p53-induced apoptosis by either preventing the action of the antiapoptotic proteins Bcl-2 and Bcl-X L , or by promoting p53 dissociation from Bcl-X L , allowing p53 to activate Bax (Wang et al., 2007) . AEN enhances apoptosis following ionizing radiation through its DNase activity (Lee et al., 2005) . BBC3/PUMA and AEN are increased by 1.7-and 3.2-fold, respectively, after exposure to 5 Gy x-ray, with their expression attenuated to control levels following co-exposure. These notable differences in induction between x-ray alone and co-exposure, along with the documented roles of BBC3/PUMA and AEN in the apoptotic pathways that are activated following radiation exposure, make these genes strong candidates for further investigation. In addition to these modifications of proapoptotic genes, there was HD-dependent enhancement of antiapoptotic genes. NFKBIA (nuclear factor of kappa light polypeptide gene enhancer in B cells inhibitor, alpha), better known as IjBa, functions to inhibit nuclear factor jB (NF-jB) proteins by sequestering them in the cytoplasm in an inactive state (Jacobs and Harrison, 1998) and is enhanced by co-exposure to HD. This enhancement would be expected to reduce apoptosis as NF-jB activation is proapoptotic in the irradiated testis (Rasoulpour and Boekelheide, 2007) .
In conclusion, we have derived new insights into the mechanisms underlying the phenotypic effects of HD and x-ray co-exposure by investigating global gene expression in the testis, focusing on the influence of HD on x-ray-induced gene alterations. The less supportive environment induced by HD pretreatment results in adaptation of the germ cells and an increased resistance to subsequent insults by x-ray exposure. The modulation of gene expression caused by HD sensitization corresponds well with the phenotypic characteristics resulting from HD pretreatment. Particularly, the HD-dependent attenuation of several proapoptotic genes correlates with the attenuated germ cell apoptosis. Additional studies are underway to investigate these alterations in apoptotic genes, specifically BBC3/PUMA and AEN. In the current study, gene expression analysis was performed using RNA isolated from whole testis; however, the attenuated apoptosis is stage specific (Yamasaki et al., 2010) . More focused studies investigating the expression of these apoptotic genes in specific stages by qRT-PCR, which is more sensitive than microarray analysis, will provide further insight into the current findings. In addition to these alterations in apoptotic genes, HD modulated several signaling pathways of interest, including cell cycle/cell division process and cell cycle/G1/S phase transition that may mechanistically explain this reduced apoptotic response. Abnormal Sertoli cell support of germ cells and altered communication between Sertoli cells and germ cells by HD pretreatment likely contribute to the attenuation of germ cell apoptosis. This may be due to a role of Sertoli cells in regulating germ cell apoptosis following DNA damage. Alternatively, reduced Sertoli cell support may result in decreased germ cell division and therefore, reduced vulnerability to x-rays that target actively dividing cells. Future studies will explore further this possible disruption of germ cell division by HD exposure.
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